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Individuals with chronic fatigue syndrome (CFS) have heightened sensitivity and increased
symptoms following various physiologic challenges, such as orthostatic stress, physical
exercise, and cognitive challenges. Similar heightened sensitivity to the same stressors
in fibromyalgia (FM) has led investigators to propose that these findings reflect a state of
central sensitivity. A large body of evidence supports the concept of central sensitivity in
FM. A more modest literature provides partial support for this model in CFS, particularly
with regard to pain. Nonetheless, fatigue and cognitive dysfunction have not been
explained by the central sensitivity data thus far. Peripheral factors have attracted attention
recently as contributors to central sensitivity. Work by Brieg, Sunderland, and others has
emphasized the ability of the nervous system to undergo accommodative changes in
length in response to the range of limb and trunk movements carried out during daily
activity. If that ability to elongate is impaired—due to movement restrictions in tissues
adjacent to nerves, or due to swelling or adhesions within the nerve itself—the result
is an increase in mechanical tension within the nerve. This adverse neural tension,
also termed neurodynamic dysfunction, is thought to contribute to pain and other
symptoms through a variety of mechanisms. These include mechanical sensitization
and altered nociceptive signaling, altered proprioception, adverse patterns of muscle
recruitment and force of muscle contraction, reduced intra-neural blood flow, and release
of inflammatory neuropeptides. Because it is not possible to differentiate completely
between adverse neural tension and strain in muscles, fascia, and other soft tissues, we
use the more general term “neuromuscular strain.” In our clinical work, we have found
that neuromuscular restrictions are common in CFS, and that many symptoms of CFS can
be reproduced by selectively adding neuromuscular strain during the examination. In this
paper we submit that neuromuscular strain is a previously unappreciated peripheral source
of sensitizing input to the nervous system, and that it contributes to the pathogenesis of
CFS symptoms, including cognitive dysfunction.
Keywords: adverse neural tension, neurodynamics, chronic fatigue syndrome, manual therapy, central sensitivity,
orthostatic intolerance
INTRODUCTION
Chronic fatigue syndrome (CFS) affects an estimated 1 million
individuals in the United States. The quality of life in adults
with CFS can be comparable to that for individuals with conges-
tive heart failure or multiple sclerosis (Komaroff et al., 1996). In
adult studies, spontaneous recovery is uncommon if CFS has been
present for over 3 years (Jason et al., 1999; Cairns and Hotopf,
2005). Among adolescents, CFS is it is one of the most common
causes of prolonged school absence (Smith et al., 2003; Crawley
et al., 2011). Cognitive-behavioral therapy and graded exercise
are the treatments best supported by the evidence, but treatment
effect sizes are modest and these treatments offer suboptimal
relief for those with more profound illness (Price et al., 2008).
Thus, CFS has substantial personal, medical, and societal costs
(Jason et al., 2008), underscoring the need for better understand-
ing of pathophysiology and more effective treatments.
CENTRAL SENSITIVITY AS A CONCEPTUAL MODEL FOR CFS
Individuals with CFS have heightened sensitivity and increased
symptoms following various physiologic challenges, such as
orthostatic stress, physical exercise, and cognitive challenges.
Similar heightened sensitivity to the same stressors in FM has led
investigators to propose that these findings reflect a state of central
sensitivity. As defined by Yunus, central sensitivity is “clinically
and physiologically characterized by hyperalgesia (excessive sen-
sitivity to a normally painful stimulus, e.g., pressure), allodynia
(painful sensation to a normally non-painful stimulus, e.g., touch
and massage), expansion of the receptive field (pain beyond the
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area of peripheral nerve supply), prolonged electrophysiological
discharge, and an after-stimulus unpleasant quality of pain (e.g.,
burning, throbbing, numbness)” (Yunus, 2008). This has obvious
relevance for the pain symptoms in CFS and for FM.Other related
models propose that CFS represents a state of altered homeosta-
sis characterized by sustained arousal akin to a permanent stress
response (Wyller et al., 2009).
GAPS IN THE CENTRAL SENSITIVITY MODEL FOR CFS
AND FM
A large body of evidence supports the concept of central sensitiv-
ity in FM (Yunus, 2005; Jason et al., 2008; Albin and Clauw, 2009)
and despite the estimated 35–70% clinical overlap between the
disorders in adults (White et al., 2000; Brown and Jason, 2007), a
more modest literature provides partial support for this model
in CFS, particularly with regard to pain (Vecchiet et al., 1996;
Whiteside et al., 2004; Meeus et al., 2009). However, the fatigue
and cognitive dysfunction found in CFS and FM “cannot be sat-
isfactorily explained” (Yunus, 2008) by the central sensitivity data
thus far (Geisser et al., 2007). These symptoms might be medi-
ated by amplified central sensitivity, but peripheral factors, which
have been described in FM and irritable bowel syndrome (IBS),
may also play a role (e.g., Price et al., 2009; Staud et al., 2009).
Staud has shown that local anesthetic injection into trapezius
muscle tender points results in lower levels of thermal hyperalge-
sia in the forearm, consistent with peripheral nociceptive input as
a contributor to central sensitization (Staud et al., 2009). Others
have confirmed and extended these findings in subjects with FM
(Affaitati et al., 2011; Alonso-Blanco et al., 2011), but these studies
have focused on pain. No data have addressed whether non-
pain symptoms such as fatigue or cognitive dysfunction also have
peripheral contributors.
HOWMIGHT NEUROMUSCULAR STRAIN BE A PERIPHERAL
INFLUENCE ON CENTRAL SENSITIVITY?
A series of observations over the last several decades—by Brieg,
Sunderland, and others (Lindquist et al., 1973; Brieg, 1978;
Sunderland, 1978; Butler, 1991, 2000; Kornberg and McCarthy,
1992; Shacklock, 1995; Slater and Wright, 1995; Elvey, 1997;
Rempel et al., 1999; Orlin et al., 2005; Topp and Boyd, 2006)—
has focused attention on the ability of the nervous system to
undergo accommodative changes in length in response to the
range of limb and trunk movements carried out during daily
activity. The interaction of nerve mechanics and function has
been termed neurodynamics. As an example of the principles
of neurodynamics, the median nerve elongates approximately
20% as the upper extremity moves from a position of full wrist
and elbow flexion to one of full wrist and elbow extension
(Butler, 1991). If that ability to elongate is impaired—due to
movement restrictions in tissues adjacent to the median nerve
and its branches, or due to swelling or adhesions within the
median nerve itself—the result is an increase in mechanical ten-
sion within the nerve. This adverse neural tension, also termed
neurodynamic dysfunction, is thought to contribute to pain and
other symptoms through mechanical sensitization and altered
nociceptive signaling, altered proprioception, adverse patterns of
muscle recruitment and force of muscle contraction, reduced
intra-neural blood flow, and release of inflammatory neuropep-
tides (Lindquist et al., 1973; Kornberg and McCarthy, 1992;
Shacklock, 1995; Slater and Wright, 1995; Balster and Jull, 1997;
Van der Heide et al., 2001; Kobayashi et al., 2003; Orlin et al.,
2005). It is now well-established that manual stretch of nerves is
capable of evoking increased sweating and alterations of blood
flow in peripheral tissues, providing evidence of electrophysio-
logic activity in sympathetic nerve fibers (Lindquist et al., 1973;
Kornberg and McCarthy, 1992; Slater and Wright, 1995; Orlin
et al., 2005). Conversely, treatment of areas of adverse neural ten-
sion (for example in carpal tunnel syndrome, cervico-brachial
pain, and osteoarthritis) leads to improved functional outcomes
(Rozmaryn et al., 1998; Deyle et al., 2000; Tal-Akabi and Rushton,
2000; Akalin et al., 2002; Allison et al., 2002).
Certain “neural provocation” maneuvers can assess for adverse
tension and other dysfunctions within the neuromuscular sys-
tem, including altered range of motion, altered resting mus-
cle tone, and hyperalgesia along the course of the involved
nerve tissue (Elvey, 1997; Butler, 1991, 2000). The most notable
examples of these provocation maneuvers are ankle dorsiflex-
ion, the passive straight leg raise test, the upper limb tension
(or neurodynamic) tests, and the seated slump test (Butler,
1991, 2000). Test-retest reliability is good for straight leg raise,
slump testing, and upper limb neurodynamic testing. (Coppieters
et al., 2001; Herrington et al., 2008) Because it is not pos-
sible to differentiate completely between adverse neural ten-
sion and strain in muscles, fascia, and other soft tissues, we
will use the more general term “neuromuscular strain” in this
paper. The concepts and clinical maneuvers described above,
while somewhat foreign to physicians and usually not part
of current medical school training, are nonetheless widely
accepted in the physical therapy literature. (Topp and Boyd,
2006).
CONCEPTUAL MODEL: NEUROMUSCULAR STRAIN AS A
PERIPHERAL PROPAGATOR OF CENTRAL SENSITIZATION
(FIGURE 1)
We propose that peripheral neuromuscular factors contribute
to the heightened perception of physiologic signals in CFS. As
shown on the left in Figure 1, neuromuscular strains and move-
ment restrictions can develop as a result injuries and activities of
daily life (for example, due to soft tissue and peri-neural adhe-
sions around scars, contusions and fractures that reduce range
of motion, anatomic abnormalities like scoliosis and kyphosis,
overuse injuries, and others). Their prevalence and severity is
likely modulated by the individual’s connective tissue phenotype
or general flexibility, the level of habitual exercise or the atten-
tion to proper rehabilitation of injuries, and whether maladaptive
activities such as overuse are corrected. A number of genetic
factors predispose individuals to symptoms of CFS, including
(though not limited to) polymorphisms in the genes controlling
catechol-O-methyltransferase activity [as shown recently in CFS
by Sommerfeldt and colleagues (2011)], and connective tissue
laxity (Rowe et al., 1999; Barron et al., 2002). Gender is an impor-
tant predisposing factor, given that many more women than men
develop CFS, although themechanism for the increased risk is not
known.
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FIGURE 1 | Conceptual model linking peripheral, afferent input to central sensitivity and symptom expression in chronic fatigue syndrome.
In response to a new stressor—examples of which include
trauma, surgery, infection, dehydration, and others—a variety
of physiologic changes occur, prominent among them cytokine
alterations in response to infection and inflammation. While
these stressors could be sufficient to trigger CFS symptoms and
central sensitivity, other biomechanical and behavioral factors—
such as whether the individual rests or remains relatively active—
modulate the response to a new stressor. For example, as has
been demonstrated in experiments involving prolonged inactiv-
ity, reductions in plasma volume associated with long periods
of bed rest (Fortney et al., 1996) would be expected to affect
orthostatic tolerance (Bou-Holaigah et al., 1995; Rowe et al.,
1995, 2001; Cordero et al., 1996; Freeman and Komaroff, 1997;
Stewart et al., 1998; Schondorf et al., 1999; Stewart, 2000; Streeten
et al., 2000; Newton et al., 2007; Wyller et al., 2007a,b; Jones
et al., 2011). In those at risk for central sensitivity syndromes,
these changes in response to a new stressor could give rise
to progression of old (or the development of new) muscular,
neural, and other soft tissue restrictions. These added move-
ment restrictions would place further mechanical tension on
an already less than fully compliant neuromuscular system. We
hypothesize that this would result in increased noxious affer-
ent input from the irritable peripheral tissues, thereby con-
tributing to further central sensitization. Central sensitization,
in turn, could aggravate peripheral factors including resting
muscle tone, vascular and autonomic tone, and neural irritabil-
ity. The peripheral factors, central sensitization, and orthostatic
intolerance would then contribute to further expression of CFS
symptoms. If the neuromuscular strains were not treated, and
if the individual adapted to the increased symptom burden
with decreased activity, then neural, soft tissue and muscular
restrictions would be expected to worsen, leading to greater
impairment and greater central sensitization. Conversely, this
dynamic interplay between symptoms and further peripheral
and central sensitization lends itself to potential interventions
directed at (a) improving peripheral movement restrictions, via
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interventions such as manual physical therapy, exercise-based
approaches, or therapies such as yoga or Tai Chi (Wang et al.,
2010). Although not included in the proposed model, other
ways of addressing central sensitivity are not excluded from this
interplay. For example, improving central sensitivity—through
addressing autonomic symptoms with treatment of orthostatic
intolerance, or through improving central responses to stimuli
via cognitive behavioral therapy, SSRI/SNRI medications, and
anti-convulsant medications such as pregabalin—might allow
improved exercise and might improve the response to movement
therapies.
PRELIMINARY STUDIES
In our clinical work, we have found that neuromuscular restric-
tions are common in CFS. A 2 year cohort study of 55 adolescent
and young adult subjects with CFS is underway to more formally
document the prevalence and impact of these restrictions com-
pared to healthy controls, and to ascertain whether improvement
in overall CFS symptoms is accompanied by improvement in the
neuromuscular restrictions.
We have also noted that many symptoms of CFS can be
reproduced by selectively adding neuromuscular strain during
the examination (Rowe et al., 2013a,b). As an illustration of
the latter, two young adult males with CFS were placed supine
and a sustained passive straight leg raise (SLR) was performed.
A therapist held one leg elevated in SLR at 10◦ of hip flexion
for 2min, then raised it to 20◦ for 2min, adding 10◦ incre-
mental increases in SLR every 2min until the 12min point,
at which time the leg was returned to the horizontal resting
position. The responses to SLR were similar for both individ-
uals, and so in Figure 2 we illustrate the symptom responses
to progressive SLR in one subject. During the period of study,
blood pressure, heart rate, skin temperature, and pulse oximetry
remained stable, but both young men became progressively more
symptomatic. After 12min, they had difficulty answering basic
questions. Symptoms were scored on a 0–10 scale; cognitive fog-
giness increased from 4/10 at baseline to 9/10 at the completion
of the test. Despite the elevation of the leg, which might have
been expected to improve venous return to the heart and thereby
improve blood flow to the brain, lightheadedness increased, as did
visual blurring. Both individuals remained more fatigued than
usual for 12–24 h. Thus, supine neuromuscular strain provoked
increased fatigue and cognitive disturbance, the two symptoms
not adequately explained by the central sensitivity hypothesis
thus far.
Such a dramatic change is not always present, and some
subjects with CFS have no neuromuscular strains on exami-
nation. Nonetheless, the example above illustrates the ability
of neuromuscular strain to provoke symptoms, and warrants
further exploration to determine the prevalence of the prob-
lem, its overall contribution to symptoms, and the mechanisms
by which neuromuscular strains increase symptoms. We have
observed that open treatment of these movement restrictions
using manual therapy is associated with clinical improvement
(Rowe et al., 2013a,b).
The hypothesis can be tested by evaluating the whether the
response to a given neuromuscular strain differs between CFS
subjects and controls with regard to immediate and delayed
(24-h) symptoms, and with regard to measures of central sen-
sitivity, such as changes in heart rate variability, or changes in
pain sensitivity as measured by pressure-pain thresholds. Further
work will be needed to determine which neuromuscular strains
are most prevalent, and whether specific areas of neurodynamic
dysfunction are more associated with one group of symptoms
or another. Moreover, it will be important to learn which neu-
romuscular strain paradigms are most likely to elicit symptoms
FIGURE 2 | Effect of 12min of progressive passive straight leg raise
(SLR) on symptom severity in a 19 year old man with chronic
fatigue syndrome. The leg was passively raised by 10 degree every
2min. At the end of each 2min period, the subject was asked to rate
his symptoms on a 0–10 scale. After 12min, the leg was returned to the
horizontal plane.
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in those with CFS, or whether individual variation in range of
motion will require individualized strain maneuvers. A potential
scientific challenge concerns the inability to determine whether
any changes in symptoms are due to neural strain or to muscle
stretch, but establishing whether and how often peripheral neu-
romuscular strain in general is capable of increasing symptoms
will be required first before attempting to isolate whether neural
or muscular factors predominate.
ACKNOWLEDGMENTS
This work is supported in part by a grant from the CFIDS
Association of America, by the Sunshine Natural Wellbeing
Foundation, and by the generosity of donors who have sup-
ported the work of the Johns Hopkins Chronic Fatigue Syndrome
Program over the past 20 years. We thank, in particular, the Boies,
Cornell, Smith, Caldwell, Newbrand, Kelly, Kiely, Dweck, and
Bowen families.
REFERENCES
Affaitati, G., Costantini, R., Fabrizio,
A., Lapenna, D., Tafauri, E., and
Giamberardino, M. A. (2011).
Effects of peripheral pain generators
in fibromyalgia patients. Eur. J. Pain
15, 61–69.
Akalin, E., El, O., Peker, O., Senocak,
O., Tamci, S., Gulbahar, S., et al.
(2002). Treatment of carpal tunnel
syndrome with nerve and tendon
gliding exercises. Am. J. Phys. Med.
Rehabil. 81, 108–113.
Albin, K., and Clauw, D. J. (2009).
From fibrosis to functional somatic
syndromes to a bell-shaped curve
of pain and sensory sensitivity:
Evolution of a clinical construct.
Rheum. Dis. Clin. N. Am. 35,
233–251.
Allison, G. T., Nagy, B. M., and
Hall, T. (2002). A randomized clin-
ical trial of manual therapy for
cervico-brachial pain syndrome-a
pilot study. Man. Ther. 7, 95–102.
Alonso-Blanco, C., Fernandez-de-
las-Penas, C., Morales-Cabezas,
M., Zarco-Moreno, P., Ge, H.-Y.,
and Florez-Garcia, M. (2011).
Multiple active myofascial trig-
ger points reproduce the overall
spontaneous pain pattern in
women with fibromyalgia and are
related to widespread mechanical
hypersensitivity. Clin. J. Pain 27,
405–413.
Balster, S. M., and Jull, G. A. (1997).
Upper trapezius muscle activity
during the brachial plexus tension
test in asymptomatic subjects. Man.
Ther. 2, 144–149.
Barron, D. F., Cohen, B. A., Geraghty,
M. T., Violand, R., and Rowe, P. C.
(2002). Joint hypermobility is more
common in children with chronic
fatigue syndrome than in healthy
controls. J. Pediatr. 141, 421–425.
Bou-Holaigah, I., Rowe, P. C., Kan,
J. S., and Calkins, H. (1995). The
relationship between neurallymedi-
ated hypotension and the chronic
fatigue syndrome. JAMA 274,
961–967.
Brieg, A. (1978). Adverse Mechanical
Tension in the Central Nervous
System. Stockholm: Almqvist and
Wiksell.
Brown, M. M., and Jason, L. A. (2007).
Functioning individuals with
chronic fatigue syndrome: increased
impairment with co-occurring
multiple chemical sensitivity and
fibromyalgia. Dynamic Med. 6:6.
doi: 10.1186/1476-5918-6-6
Butler, D. S. (1991). Mobilisation of the
Nervous System. London: Churchill-
Livingstone.
Butler, D. S. (2000). The Sensitive
Nervous System. Adelaide, SA:
NOIgroup, 2000.
Cairns, R., and Hotopf, M. (2005).
A systematic review describ-
ing the prognosis of chronic
fatigue syndrome. Occup. Med. 55,
20–31.
Coppieters, M. W., Stappaerts, K. H.,
Everaert, D. G., and Staes, F. F.
(2001). Addition of test components
during neurodynamic testing: effect
on range of motion and sensory
responses. J. Orthop. Sports Phys.
Ther. 31, 226–237.
Cordero, D. L., Siston, S. A., Tapp,
W. N., LaManca, J. J., Pareja, J.
G., and Natelson, B. H. (1996).
Decreased vagal power during
treadmill walking in patients with
chronic fatigue syndrome. Clin.
Auton. Res. 6, 329–333.
Crawley, E. M., Emond, A. M., and
Sterne, J. A. C. (2011). Unidentified
Chronic Fatigue Syndrome/myalgic
encephalomyelitis (CFS/ME) is a
major cause of school absence:
surveillance outcomes from school-
based clinics. BMJ Open 1:e000252.
doi: 10.1136/bmjopen-2011-000252
Deyle, G. D., Henderson, N. E.,
Matekel, R. L., Ryder, M. G., Garber,
M. B., and Allison, S. C. (2000).
Effectiveness of manual physical
therapy and exercise in osteoarthri-
tis of the knee. A randomized,
controlled trial. Ann. Int. Med. 132,
173–181.
Elvey, R. L. (1997). Physical evaluation
of the peripheral nervous system in
disorders of pain and dysfunction.
J. Hand Ther. 10, 122–129.
Fortney, S. M., Schneider, V. S., and
Greenleaf, J. E. (1996). “The phys-
iology of bed rest,” in Handbook of
Physiology. Section 4: Environmental
Physiology, Vol. 2. eds M. J. Fregley
and C. M. Blatters (New York, NY:
Oxford University Press), 889–939.
Freeman, R., and Komaroff, A. L.
(1997). Does the chronic fatigue
syndrome involve the autonomic
nervous system? Am. J. Med. 102,
357–364.
Geisser, M. E., Gracely, R. H., Giesecke,
T., Petzke, F. W., Williams, D. A.,
and Clauw, D. J. (2007). The asso-
ciation between experimental and
clinical pain measures among per-
sons with fibromyalgia and chronic
fatigue syndrome. Eur. J. Pain 11,
202–207.
Herrington, L., Bendix, K., Cornwell,
C., Fielden, N., and Hankey,
K. (2008). What is the normal
response to structural differentia-
tion within the slump and straight
leg raise tests? Man. Ther. 13,
289–294.
Jason, L. A., Benton, M. C., Valentine,
L., Johnson, A., and Torres-
Harding, S. (2008). The economic
impact of ME/CFS: individual and
societal costs. Dynamic Med. 7:6.
doi: 10.1186/1476-5918-7-6
Jason, L. A., Richman, J. A., Rademaker,
A. M., Jordan, K. M., Plioplys, A.
V., Taylor, R. R., et al. (1999). A
community-based study of chronic
fatigue syndrome.Arch. Intern.Med.
159, 2129–2137.
Jones, D. E. J., Gray, J., Frith, J.,
and Newton, J. L. (2011). Fatigue
severity remains stable over time
and independently associated with
orthostatic symptoms in chronic
fatigue syndrome: a longitudinal
study. J. Int. Med. 269, 182–188.
Kobayashi, S., Shizu, N., Suzuki, Y.,
Asai, T., and Yoshizawa, H. (2003).
Changes in nerve root motion
and intraradicular blood flow dur-
ing an intraoperative straight-leg-
raising test. Spine 28, 1427–1434.
Komaroff, A. L., Fagioli, L. R., Doolittle,
T. H., Gandek, B., Gleit, M. A.,
Guerriero, R. T., et al. (1996). Health
status in patients with chronic
fatigue syndrome and in general
population and disease comparison
groups. Am. J. Med. 101, 281–290.
Kornberg, C., and McCarthy, T. (1992).
The effect of neural stretching tech-
nique on sympathetic outflow to the
lower limbs. J. Sports Phys. Ther. 16,
269–274.
Lindquist, B., Nilsson, B., and
Skoglund, C. (1973). Observations
on the mechanical sensitivity of
sympathetic and other types of
small-diameter nerve fibers. Brain
Res. 49, 432–435.
Meeus, M., Nijs, J., van de Wauwer, N.,
Toeback, L., and Truijen, S. (2009).
Diffuse noxious inhibitory control
is delayed in chronic fatigue syn-
drome: an experimental study. Pain
139, 439–448.
Newton, J. L., Okonkwo, O., Sutcliffe,
K., Seth, A., Shin, J., and Jones, D. E.
J. (2007). Symptoms of autonomic
dysfunction in chronic fatigue syn-
drome. Q. J. Med. 100, 519–526.
Orlin, J. R., Strandden, E., and
Slagsvold, C. E. (2005). Effects of
mechanical irritation on the auto-
nomic part of the median nerve.
Eur. J. Neurol. 12, 144–149.
Price, D. D., Craggs, J. G., Zhou, Q.,
Nicholas Verne, G., Perlstein, W.
M., and Robinson, M. E. (2009).
Widespread hyperalgesia in irritable
bowel syndrome is dynamically
maintained by tonic visceral
impulse input and placebo/nocebo
factors: evidence from human
psychophysics, animal models, and
neuroimaging. Neuroimage 47,
995–1001.
Price, J. R., Mitchell, E., Tidy, E., and
Hurrot, V. (2008). Cognitive behav-
ior therapy for chronic fatigue syn-
drome in adults. Cochrane Database
Syst. Rev. 16:CD001027. doi: 10.
1002/14651858.CD001027.pub2
Rempel, D., Dahlin, L., and Lundborg,
G. (1999). Pathophysiology of
nerve compression syndromes:
response of peripheral nerves to
loading. J. Bone Joint Surg. 81A,
1600–1610.
Rowe, P. C., Barron, D. F., Calkins,
H., Maumenee, I. H., Tong, P.
Y., and Geraghty, M. T. (1999).
Orthostatic intolerance and chronic
fatigue syndrome associated with
Ehlers-Danlos syndrome. J. Pediatr.
135, 494–499.
Rowe, P. C., Bou-Holaigah, I., Kan,
J. S., and Calkins, H. G. (1995).
Is neurally mediated hypotension
www.frontiersin.org May 2013 | Volume 4 | Article 115 | 5
Rowe et al. Neuromuscular strain in CFS
an unrecognized cause of chronic
fatigue? Lancet 345, 623–624.
Rowe, P. C., Calkins, H., DeBusk, K.,
McKenzie, R., Anand, R., Sharma,
G., et al. (2001). Fludrocortisone
acetate to treat neurally medi-
ated hypotension on chronic fatigue
syndrome- a randomized controlled
trial. JAMA 285, 52–59.
Rowe, P. C., Fontaine, K. R., and
Violand, R. L. (2013a). Manual
Therapy in CFS (Part 1). CFIDS
Association of America. Available
online at: http://www.research1st.
com/2013/01/25/manual-therapy-
1-of-2/ (Accessed January 25, 2013).
Rowe, P. C., Fontaine, K. R., and
Violand, R. L. (2013b). Manual
Therapy in CFS (Part 2). CFIDS
Association of America. Available
online at: http://www.research1st.
com/2013/02/01/manual-therapy-2-
of-2/ (Accessed February 01, 2013).
Rozmaryn, L.M., Dovelle, S., Rothman,
E. R., Gorman, K., Olvey, K. M.,
and Bartko, J. J. (1998). Nerve and
tendon gliding exercises and the
conservative management of carpal
tunnel syndrome. J. Hand Ther. 11,
171–179.
Schondorf, R., Benoit, J., Wein, T.,
and Phaneuf, D. (1999). Orthostatic
intolerance in the chronic fatigue
syndrome. J. Auton. Nerv. Syst. 75,
192–201.
Shacklock, M. O. (1995). “Clinical
application of neurodynam-
ics,” in Moving in on Pain, ed
M. O. Shacklock (Chatswood,
NSW: Butterworth-Heinemann),
123–131.
Slater, H., and Wright, A. (1995).
“An investigation of the physio-
logical effects of the sympathetic
slump on peripheral sympathetic
nervous system function in patients
with frozen shoulder,” in Moving
in on Pain, ed M. O. Shacklock
(Chatswood, NSW: Butterworth-
Heinemann), 174–184.
Smith, M. S., Martin-Herz, S. P.,
Womack, W. M., and Marsigan,
J. L. (2003). Comparative study
of anxiety, depression, somati-
zation, functional disability, and
illness attribution in adolescents
with chronic fatigue or migraine.
Pediatrics 111, e376–e381.
Sommerfeldt, L., Portilla, H., Jacobsen,
L., Gjerstad, J., and Wyller, V. B.
(2011). Polymorphisms of adrener-
gic cardiovascular control genes are
associated with adolescent chronic
fatigue syndrome. Acta Paediatr.
100, 293–298.
Staud, R., Nagel, S., Robinson, M. E.,
and Price, D. D. (2009). Enhanced
central processing of fibromyalgia
patients is maintained by muscle
afferent input: a randomized,
double-blind, placebo-controlled
trial. Pain 145, 96–104.
Stewart, J.,Weldon, A., Arlievsky, N., Li,
K., and Munoz, J. (1998). Neurally
mediated hypotension and auto-
nomic dysfunction measured by
heart rate variability during head-
up tilt testing in children with
chronic fatigue syndrome. Clin.
Auton. Res. 8, 221–230.
Stewart, J. M. (2000). Autonomic
nervous system dysfunction in
adolescents with postural ortho-
static tachycardia syndrome and
chronic fatigue syndrome is char-
acterized by attenuated vagal
baroreflex and potentiated sympa-
thetic vasomotion. Pediatr. Res. 48,
218–226.
Streeten, D. H. P., Thomas, D., and Bell,
D. S. (2000). The roles of orthostatic
hypotension, orthostatic tachycar-
dia, and subnormal erythrocyte vol-
ume in the pathogenesis of the
chronic fatigue syndrome. Am. J.
Med. Sci. 320, 1–8.
Sunderland, S. (1978). Nerves and
Nerve Injuries, 2nd Edn. Edinburgh:
Churchill Livingston.
Tal-Akabi, A., and Rushton, A. (2000).
An investigation to compare the
effectiveness of carpal bone mobi-
lization and neurodynamic mobi-
lization as methods of treatment for
carpal tunnel syndrome. Man. Ther.
5, 214–22.
Topp, K. S., and Boyd, B. S. (2006).
Structure and biomechanics of
peripheral nerves: nerve responses
to physical stress and implications
for physical therapist practice. Phys.
Ther. 86, 92–109.
Van der Heide, B., Allison, G. T., and
Zusman, M. (2001). Pain and mus-
cular responses to a neural provo-
cation test in the upper limb. Man.
Ther. 6, 154–162.
Vecchiet, L., Montanari, G., Pizzigallo,
E., Iezzi, S., de Bigontina, P.,
Dragani, L., et al. (1996). Sensory
characterization of somatic parietal
tissues in humans with chronic
fatigue syndrome. Neurosci. Lett.
208, 117–120.
Wang, C., Schmid, C. H., Rones, R.,
Kalish, R., Yinh, J., Goldenberg, D.
L., et al. (2010). A randomized trial
of Tai Chi for fibromyalgia. N. Engl.
J. Med. 363, 743–754.
White, K. P., Speechley, M., Harth, M.,
and Ostbye, T. (2000). Co-existence
of chronic fatigue syndrome with
fibromyalgia syndrome in the
general population: a controlled
study. Scand. J. Rheumatol. 29,
44–51.
Whiteside, A., Hansen, S., and
Chaudhuri, A. (2004). Exercise
lowers pain threshold in chronic
fatigue syndrome. Pain 109,
497–499.
Wyller, V. B., Due, R., Saul, J. P., Amlie,
J. P., and Thaulow, E. (2007a).
Usefulness of an abnormal car-
diovascular response during low-
grade head-up tilt-test for discrim-
inating adolescents with chronic
fatigue from healthy controls. Am. J.
Cardiol. 99, 997–1001.
Wyller, V. B., Saul, J. P., Amlie, J. P., and
Thaulow, E. (2007b). Sympathetic
predominance of cardiovascular
regulation during mild orthostatic
stress in adolescents with chronic
fatigue. Clin. Physiol. Funct. Imaging
27, 231–238.
Wyller, V. B., Eriksen, H. R., and
Malterud, K. (2009). Can sustained
arousal explain the Chronic Fatigue
Syndrome? Behav. Brain Funct. 5:10.
doi: 10.1186/1744-9081-5-10
Yunus, M. (2005). “The concept of
central sensitivity syndromes,” in
Fibromyalgia and Other Central
Pain Syndromes, ed D. J. Wallace
and D. J. Clauw (Philadelphia, PA:
Lippincott Williams and Wilkins),
29–41.
Yunus, M. B. (2008). Central sensitivity
syndromes: a new paradigm and
group nosology for fibromyalgia
and overlapping conditions, and
the related issue of disease versus
illness. Semin. Arthritis Rheum. 37,
339–352.
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 18 February 2013; paper pend-
ing published: 16 March 2013; accepted:
01 May 2013; published online: 16 May
2013.
Citation: Rowe PC, Fontaine KR and
Violand RL (2013) Neuromuscular
strain as a contributor to cognitive and
other symptoms in chronic fatigue syn-
drome: hypothesis and conceptual model.
Front. Physiol. 4:115. doi: 10.3389/fphys.
2013.00115
This article was submitted to Frontiers
in Integrative Physiology, a specialty of
Frontiers in Physiology.
Copyright © 2013 Rowe, Fontaine
and Violand. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are
credited and subject to any copyright
notices concerning any third-party
graphics etc.
Frontiers in Physiology | Integrative Physiology May 2013 | Volume 4 | Article 115 | 6
